Polycomb group proteins have an essential role in the epigenetic maintenance of repressive chromatin states. The gene-silencing activity of the Polycomb repressive complex 2 (PRC2) depends on its ability to trimethylate lysine 27 of histone H3 (H3K27) by the catalytic SET domain of the EZH2 subunit, and at least two other subunits of the complex: SUZ12 and EED. Here we show that the carboxy-terminal domain of EED specifically binds to histone tails carrying trimethyl-lysine residues associated with repressive chromatin marks, and that this leads to the allosteric activation of the methyltransferase activity of PRC2. Mutations in EED that prevent it from recognizing repressive trimethyl-lysine marks abolish the activation of PRC2 in vitro and, in Drosophila, reduce global methylation and disrupt development. These findings suggest a model for the propagation of the H3K27me3 mark that accounts for the maintenance of repressive chromatin domains and for the transmission of a histone modification from mother to daughter cells.
The fate of a cell is specified by its gene expression profile, often set early in development and maintained throughout the lifetime of the cell by epigenetic mechanisms. The polycomb group of proteins functions by silencing inappropriate expression by maintaining a repressive epigenetic state 1 . It is thought that the PRC2-mediated trimethylation of lysine 27 on histone H3 (H3K27me3) has a crucial role in marking repressive chromatin domains, whereas PRC1 is important for effecting transcriptional repression. Thus, once established, H3K27 trimethylation is the epigenetic mark for maintaining transcriptional repression. Mechanisms are therefore required to maintain this mark in repressed chromatin domains in non-dividing cells and to restore it after the twofold dilution caused by DNA replication in dividing cells. However, it is not yet clear how PRC2 complexes recognize previously marked sites and how they accurately propagate these repressive marks to unmodified nucleosomes deposited during DNA replication.
The histone lysine methyltransferase (HKMT) activity of the PRC2 complex resides in the SET-domain-containing protein EZH2 (refs 2-5), but activity requires the other subunits of the core complex; the zinc-finger-containing SUZ12 and the WD40 repeat proteins EED and RbAp48 (also known as CAF1). In certain contexts, the PHD-domain-containing protein PHF1 plays an important part in modulating the HKMT activity of PRC2 (refs 6, 7) . In this work we have examined the structure and biochemistry of EED, and determined the role of its homologue ESC in Drosophila development. From this we have established that the EED subunit of PRC2 binds to repressive methyl-lysine marks, ensuring the propagation of H3K27 trimethylation on nucleosomes by allosterically activating the methyltransferase activity of the complex (see Supplementary  Fig. 1 ).
The aromatic cage of EED binds repressive chromatin marks
We crystallized a truncated version of EED (residues 77 to 441, hereafter DEED) and used selenomethionine-substituted DEED to solve the structure. The WD40-repeats of DEED fold into a seven-bladed b-propeller domain with a central pocket on either end ( Fig. 1) , as seen previously 8 . We noticed unaccounted electron density in one of these pockets; our crystallization mixture included a non-detergent sulphobetaine additive, NDSB-195, which we were able to build into the extra electron density. Because the quarternary amine of the sulphobetaine resembled a trimethylated lysine side chain 9 we reasoned that EED might bind to trimethylated lysine residues on the N-terminal tails of histones.
Histone lysine residues methylated in vivo include H3K4, H3K9, H3K27, H3K36, H3K79, H4K20 and H1K26. We measured the binding affinity of DEED to trimethylated versions of these lysine residues using synthetic peptides by fluorescence competition assays. DEED bound to H1K26me3, H3K9me3, H3K27me3 and H4K20me3 peptides with dissociation constant (K d ) values ranging from 10 to 45 mM, and the binding became approximately fourfold weaker for each successive loss of a methyl group from the methyl-lysine (Supplementary Table 1) . Notably, DEED did not bind appreciably to H3K4me3, H3K36me3 or H3K79me3 'marks' associated with active transcription 10 . We validated these results by isothermal titration calorimetry (Supplementary Table  1 and Supplementary Fig. 2b ), and there is good agreement between the two independent methods.
Next, we solved the structure of DEED co-crystallized with H1K26me3, H3K9me3, H3K27me3 and H4K20me3 peptides (Supplementary Table 2 and Supplementary Fig. 3 ). The peptides in the four co-crystal structures adopt similar, largely extended structures and all exploit the aromatic cage of DEED to recognize the trimethyllysine residue ( Fig. 1 and Supplementary Fig. 4 ). This is the first example of such a binding site on a b-propeller domain and it consists of three aromatic side-chains, Phe 97, Tyr 148 and Tyr 365 (Fig. 1) . The trimethyl-ammonium group of the lysine is inserted into this cage and is stabilized by van der Waals and cation-p interactions. A fourth aromatic side-chain (Trp 364) interacts with the aliphatic moiety of the lysine side chain by hydrophobic interactions (Figs 1, 2 and Supplementary Fig. 5 ). Adjacent to the methyl-lysine pocket, DEED makes two hydrogen-bond interactions with carbonyls on the peptides (Fig. 2a) . First, the main-chain carbonyl of the methyl-lysine residue forms hydrogen bonds with the side chain of Arg 414. Second, the main-chain carbonyl of the residue immediately amino-terminal of the methyl-lysine on the peptide makes a hydrogen bond with the main-chain amide of Trp 364. The residues flanking the methyl-lysine residue, at the 21 and 11 positions, are oriented away from the protein, whereas the next residues, at the 22 and 12 positions, make important contacts (Fig. 2) . Comparison of the four complexes ( Fig. 2 and Supplementary Figs 2A and 4) suggests an important role for two distinct hydrophobic interaction sites (Fig. 2b) . H1K26, H3K9 and H3K27 each have an alanine residue two amino acids N-terminal to the lysine (22) , which fits into a small pocket on the surface of EED formed by the hydrophobic moieties of Trp 364, Tyr 308 and Cys 324 (Fig. 2c) . The size of this pocket is sufficient to accommodate an alanine residue but not larger hydrophobic residues. In the case of H4K20 peptide-the only one of the four that bound to DEED and lacks an alanine at 22-its binding is facilitated by an alternative hydrophobic interaction between the leucine residue in the 12 position of the peptide with a second hydrophobic pocket formed by residues Ile 363, Ala 412 and the c-carbon of Gln 382 of EED (Fig. 2d) . It seems that the ability to exploit one of these two small hydrophobic pockets is an important component of the specificity of EED towards the methyl-lysine marks associated with repressive chromatin. However, the affinity of EED for these modified peptides is relatively modest, and it is likely that this interaction only becomes physiologically relevant in association with the histone-binding activity of other components of the PRC2 complex, as suggested by earlier work on Drosophila PRC2 (ref. 11).
To probe the physiological role of the aromatic cage of EED, sitedirected mutants of several of the cage residues were created. Mutations of Phe 97, Trp 364 and Tyr 365 to alanine produced well-behaved protein, and competition experiments showed that the Trp364Ala and Tyr365Ala mutations had no detectable binding to H1K26me3 peptides, whereas DEED Phe97Ala bound about eightfold more weakly than wild-type DEED to histone peptides (Supplementary Table 1 ). As a control for the effect of mutation of an aromatic residue on the EED structure that is not involved in the aromatic cage, we also generated the mutation Tyr358Ala (Fig. 1) ; binding by this mutant was reduced by about twofold (Supplementary Table 1 ).
PRC2-EZH2 and EED specifically bind H3K27me3 nucleosomes Next, we used nucleosome arrays reconstituted with chemically modified histones that carry a single modification of the four possible methylation states of H3K27, H3K36 or H3K9 (ref. 12). The nucleosome arrays were incubated with full-length His-tagged EED protein followed by nickel-nitrilotriacetic acid (Ni-NTA) pull-down assays. Western blotting for H3 and EED demonstrated an interaction between EED and nucleosomes containing H3K27me3 (Fig. 3) . This interaction was specific as EED was not able to interact with chromatin reconstituted with histones containing the different levels of H3K36 methylation ( Supplementary Fig. 8 ), but did bind to chromatin trimethylated on H3K9 (data not shown). Interestingly, the truncated DEED protein tested in the peptide-binding experiments also failed to interact with nucleosomes ( Supplementary Fig. 8 ). Presumably, the diminished binding is due to the absence of a previously characterized H3-binding site within the N terminus of EED 13 , which may act together with the methyl-lysine-binding site to achieve stable binding.
Given that other subunits of PRC2 contact histones and thus modulate chromatin binding, we repeated the nucleosome-binding experiment using a PRC2 complex purified from insect cells co-infected with baculovirus expressing each of the subunits (Fig. 4a, left) . Although, as expected, the reconstituted PRC2 complex showed some binding to unmodified chromatin, the complex bound considerably tighter to chromatin carrying the H3K27me3 or the H3K9me3 modification (Fig. 3) . Interestingly, PRC2 reconstituted with EED carrying the Phe97Ala or Tyr365Ala substitution does not show binding to chromatin under these conditions, with either methylated or unmodified nucleosomes ( Fig. 3 and data not shown). Together, our results demonstrate that the aromatic cage in EED is critical for the PRC2 complex to bind to repressive marks, through its specific recognition of defined (repressive) trimethylated-lysine residues.
Trimethylated repressive marks stimulate PRC2 activity Because a probable function for the binding of PRC2 to trimethylated lysine would be to contribute to the propagation of the H3K27me3 mark, we performed HKMT assays using recombinant oligonucleosomes in the presence of methylated peptides. The addition of unmodified or monomethylated H3K27 peptides did not significantly affect the enzymatic activity of PRC2, but trimethylated peptides activated it by about sevenfold (Fig. 4a) . Stimulation of enzymatic activity by the H3K27me3 peptide reached a plateau around 100 mM, and half-maximum stimulation is achieved at 30-40 mM ( Supplementary Fig. 7 ), which is in good agreement with the dissociation constant determined for DEED and the H3K27me3 peptide (Supplementary Table 1 ) and gives us strong confidence that the binding event we observe with purified, truncated EED is closely correlated with the allosteric activation mechanism. We also determined the Michaelis parameters for PRC2 in the presence of variously methylated H3K27 peptides (Fig. 4b, c) . During titrations of S-adenosyl-methionine (SAM) we observed a marked increase in the maximum reaction rate (V m ) in the presence of the H3K27me3 peptide. A similar result was observed with titration of nucleosomes (Fig. 4c) . Notably, in both cases the substrate concentration required to achieve the half-maximal reaction rate (K m ) is not significantly affected by the incubation with peptides.
To ascertain whether the observed stimulation was EED-mediated, mutant PRC2 complexes containing EED(Phe97Ala) or EED (Tyr365Ala) were reconstituted ( Fig. 4d and Supplementary Fig. 8 ). These mutant recombinant PRC2 complexes retain a similar basal activity to wild-type, but neither mutant recombinant PRC2 was stimulated by the addition of H3K27me3 peptides (Fig. 4d) . Our data also show that the H3K9me3, H4K20me3 and H1K26me3 peptides were all able to stimulate PRC2 activity to some extent, whereas the H3K4me3 and H3K36me3 peptides were ineffectual (Fig. 4e) . However, we noticed that the binding affinity to EED and stimulation of PRC2 activity do not strictly correlate (that is, H3K9me3 has a good binding affinity for EED but stimulates PRC2 activity relatively poorly). To investigate the role of histone sequence in binding/activation we first mutated the arginine residue at the 21 position-present in all four histone peptides that activate the methyltransferase activity of PRC2-to alanine (Arg26Ala of H3K27me3 in Fig. 4f, g ). Remarkably, although the binding of this mutant peptide to DEED is only reduced by about 1.5-fold (Fig. 4f) , it is no longer able to activate PRC2 HKMT activity (Fig. 4g) , demonstrating that repressive-histonepeptide binding to the aromatic cage of EED is necessary, but not sufficient for PRC2 activation. To further test this model we made a series of chimaeric and mutant peptides that show that the lysine at 24, the alanine at 23 and the arginine at 21 are not important for binding to EED but are key to the activation of PRC2. We propose that these are the residues that mediate an interaction with another part of the PRC2 complex that leads to its activation.
PRC2 function requires recognition of repressive marks
To evaluate the importance of EED binding to trimethylated marks in vivo, we turned to ESC, the EED homologue in Drosophila, and tested the effect of mutating its aromatic cage. We reconstituted the Drosophila PRC2 complex and showed that addition of H3K27me2/ 3 peptides to the HKMT assay resulted in a robust stimulation of PRC2 enzymatic activity (Fig. 5a) . ESC is required throughout development, but in the early embryo the maternal stock of esc product is critical, as evidenced by the resultant derepression of homeotic genes in embryos produced by esc 2 mothers 14, 15 . At later stages of development, PRC2 activity is sustained through the overlapping participation of ESC and Several independent lines were examined for each transgenic construct and showed the same phenotype except for one line of Myc-ESC(Tyr338Ala). In the case of Myc-ESC(Phe345Ala), transgenes were inserted at QC31 att sites at 68E and 86Fb, respectively. For direct comparison, wild-type Myc-ESC lines were also established at the same chromosomal location and showed the same results as lines established by conventional P-element transformation. d, Immunoprecipitation using ovarian extracts. ESC aromatic cage mutation does not impair binding to E(Z its close homologue ESCL 15, 16 . Overexpression of ESC in the ovaries (for example, in a female with one extra esc copy) can supply enough function to allow the development of esc embryos, producing flies that are virtually normal except for the eponymous extra sex combs in males. We constructed mutations affecting the aromatic cage: Phe77Ala (equivalent to Phe 97 in EED) and Phe345Ala (equivalent to Tyr 365 in EED), as well as Tyr338Ala (equivalent to Tyr358Ala in EED) just preceding the aromatic cage (Fig. 5b) , and expressed Myctagged wild-type or mutant esc transgenes under the control of the esc promoter (Fig. 5b) . Although the wild-type transgene rescued the extra sex comb phenotype almost completely (217 out of 218 males counted), the aromatic cage mutant transgenes were ineffectual (no rescue in several hundred males examined) (Fig. 5c) . Flies lacking both zygotic ESC and ESCL in these crosses produce larvae with poorly developed brain and imaginal discs, which die when they pupate. This lethality is completely rescued by one copy of the wild-type esc.Myc-ESC transgene. In contrast, none of the aromatic cage mutant transgenes were able to rescue the lethality even when present in two copies (Fig. 5c) , although the esc.Myc-ESC(Phe77Ala) transgene alleviated the brain and imaginal disc phenotypes (data not shown). Of note, zygotic expression of the Phe345Ala transgene impaired the contribution of wild-type esc indicating that this mutant acts as a dominant negative. The failure of the mutant Myc-ESC to rescue is not due to instability or the inability to be incorporated into a PRC2 complex: the ESC mutants were expressed at levels comparable to that of the wild type. Furthermore, immunoprecipitation experiments showed that the mutant ESCs co-immunoprecipitated with endogenous E(Z) as efficiently as the wild-type protein (Fig. 5d) . To determine whether the mutant ESCs affected PRC2 function with respect to its gene targeting or activity, we performed chromatin immunoprecipitation (ChIP) followed by quantitative PCR with the primer sets indicated in Fig. 5e . Immunoprecipitation using anti-E(Z) shows that wild-type Myc-ESC is nearly as effective as endogenous ESC (compare with the esc 1 escl 2 chromatin), whereas PRC2 complex with Myc-ESC-bearing mutations in the aromatic pocket is recruited less efficiently to the Ubx polycomb response element (PRE) (Fig. 5f ). Chromatin immunoprecipitation with anti-H3K27me3 antibodies also shows that wild-type Myc-ESC is nearly as effective as endogenous ESC (yw) in trimethylating H3K27 in the Ubx upstream enhancer region (PBX, 230 kilobases (kb)), in the vicinity of the PRE (FM1, FM6, 223 kb) or at the Ubx promoter. Notably, the mutant ESCs are deficient in the extent of H3K27me3 (Fig. 5g) , and this decrease correlates with the phenotypes described in Fig. 5c . Importantly, the observed effects are due to the aromatic cage, as a mutation of Tyr338Ala, which is not important for cage formation, had no effect (Fig. 5g) . Finally, we analysed the global levels of H3K27 methylation by western blot (Fig. 5h) . We observed an almost complete loss of H3K27me3 in extracts from esc 2 escl 2 larvae expressing the mutant ESCs. Perhaps surprisingly, the H3K27me2 levels were equally strongly affected.
Discussion
Chromatin domains are distinguished by the presence of a characteristic set of marks. When these marks are used to sustain an epigenetic state, eukaryotic cells must have the means of propagating these marks through cellular division and of ensuring that they obey appropriate boundaries during development. That PRC2 might recognize the chromatin mark it sets was anticipated by Hansen et al. 17 who reported that PRC2 binds to H3K27me3, although this study did not address the mechanism for the propagation of H3K27me3. Our work shows the structural and functional basis for epigenetic self-renewal, and leads us to conclude that PRC2 readout of H3K27me3 (and to a lesser extent other 'repressive' marks) is key to the propagation of this repressive mark.
A combination of aromatic and hydrophobic residues is commonly used by proteins that recognize methylated lysine residues and has been found in chromo-, tudor-and plant homeo-domains (PHD) [18] [19] [20] , but no such arrangement has previously been described for any WD40-repeat-containing protein (for example, Supplementary Fig. 7 and ref. 21) . Sequence analysis across the family of b-propeller domains leads us to conclude that the ability of EED to specifically recognize repressive methyl-lysine marks is a feature, limited among WD40 proteins, to EED-related molecules (Supplementary Fig. 6 ).
This methyl-lysine interaction provides an extra contribution to nucleosome binding that is mainly driven by a combination of contacts from other subunits of PRC2; RbAp48 binds to histone H4 (refs 22, 23) and the N-terminal domain of EED binds to H3 (ref. 13) , and it may well be that these different interactions act cooperatively. In Drosophila, recruitment of PRC2 may also be facilitated by certain DNA-binding factors 24, 25 . Our Drosophila experiments show that when the Drosophila EED orthologue ESC bears mutations in the aromatic cage, the recruitment of PRC2 to the PRE is less effective, as shown by the drop in E(Z) binding to the bxd PRE, the massive reduction in the global level of H3K27me2/3 and by the phenotype of the Phe77Ala and Phe345Ala mutants. Our chromatin modification assays suggest that a major effect of EED binding to repressive methyl-lysine marks is the stimulation of PRC2 methyltransferase activity, thus providing a mechanism for the propagation of this mark. Thus, when PRC2 is recruited to appropriate chromatin domains, the presence of pre-existing H3K27me3 marks on neighbouring nucleosomes activates the complex to carry out further methylation of unmodified H3K27 (Supplementary Fig. 1 ). Accordingly, a polycomb group target gene that had been repressed in one cell cycle will tend to be repressed again in the next cell cycle, and previously active genes will be left unmodified at H3K27. We propose that the ability to recognize a previously established mark that triggers its renewal is a feature that will be found in other epigenetic mechanisms mediated by histone modifications.
METHODS SUMMARY
N-terminally truncated EED (DEED) was expressed as a glutathione S-transferase (GST) fusion protein in Escherichia coli. Crystals were grown by the hanging drop method using 4.0 M sodium formate as a precipitant, together with NDSB-195 or as a complex with histone peptides. Diffraction data were processed using Denzo and Scalepack, the native structure was solved by single wavelength anomalous dispersion (SAD) and built by ARP/wARP. Histone complexes were solved by molecular replacement and refined using Refmac5 with manual model building using O or Coot. The affinity of wild-type EED for histone peptides was determined by competition fluorescence spectroscopy or isothermal titration calorimetry (ITC). Fluorescence spectroscopy was performed at 20 uC using a SPEX FluoroMax fluorimeter; dansyl-labelled peptides bound to EED were competed off by excess cold peptide and the change in fluorescence was monitored. ITC reactions were performed at 20 uC and used to verify EED wild-type binding and also to determine the affinity of EED mutants to trimethylated histone peptides. Recombinant PRC2 complexes were purified from insect cells after infection with baculovirus. Chromatin for interaction and HKMT assay was refolded by salt dialysis. Histone H3 carrying the Cys110Ala mutation was chemically modified using the method described previously 12 . ESC transgene construction, esc and escl mutant fly lines have been described previously 15 . Chromatin immunoprecipitation and analysis by quantitative PCR were done according to refs 26 and 27.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Protein expression and purification. Residues 78-441 of EED (DEED) were cloned into pGEX-4T vector (Amersham Biosciences) and expressed in E. coli. Proteins were prepared as N-terminal GST-fusion proteins and cleaved from GST with human a-thrombin (Haematologic Technologies, Inc.). Proteins were purified further using size-exclusion chromatography (Superdex 200, GE Healthcare) in buffer containing 50 mM Tris-HCl, pH 8.7, 150 mM NaCl and 3 mM TCEP. Site-directed mutants of DEED were generated with the ExSite protocol (Stratagene) and purified in a similar manner. Crystallographic and binding studies were carried out using a construct containing the mutation Met370Thr, however the binding properties of this construct are identical to those of the 'wild-type' construct. Peptides were synthesized and purified by reversed phase HPLC at the University of Bristol Peptide Synthesis Facility. Peptide masses were verified by mass spectrometry. Crystallography. For crystallization trials, protein solutions were prepared either as DEED alone at 2.5 mg ml 21 or as a complex solution at 1.5 mg ml 21 with peptide at a sevenfold higher molar ratio. All protein solutions contained TCEP at 15 mM concentration. Crystals were grown at 18 uC using the vapour diffusion technique in hanging drops. Drops were prepared by mixing equal volumes of DEED protein alone with reservoir solution containing 4.0-4.1 M formate and 0.6-0.7 M NDSB-195, or by mixing equal volumes of DEED protein complex with 3.7-3.9 M formate solution. Crystals were transferred into mother liquor with 5-10% glycerol before flash cooling in liquid nitrogen. Diffraction data for the DEED-only native and selenomethionine crystals were collected at the Daresbury synchrotron on beamline 10.1 at the peak wavelength for selenium. Diffraction data for the H1K26me3, H3K9me3 and H4K20me3 protein complex crystals were collected using an in-house MicroMax 007HF rotating anode coupled to a RaxisIV 11 detector. Data for H3K27me3 was collected at Diamond Light Source on beamline I04 at a wavelength of 0.97 Å . Data were integrated using Denzo and scaled with Scalepack 28 . Phases for the selenomethionine-substitued DEED structure were generated and extended using the SAD method and SOLVE 29 
net/).
Binding studies. Histone-peptide-binding experiments were performed by competition fluorescence spectroscopy and ITC. All fluorescence emission spectra were measured using a dansyl-labelled peptide (sequence: KKKARK(Me3)SAGAAKdansyl) at 20 uC in 50 mM Tris-HCl, pH 8.7, 150 mM NaCl and 3 mM TCEP.
Measurements were recorded using a SPEX FluoroMax fluorimeter (excitation wavelength 330 nm, emission wavelength 537 nm). Binding of dansyl peptide to EED was monitored by titrating excess EED into 5 mM peptide. Dissociation constants for the unlabelled histone peptides were determined using a competition assay by adding excess unlabelled peptide to a complex of 35 mM EED with 35 mM dansyl peptide and monitoring the subsequent reduction in fluorescence. ITC measurements were carried out by injecting peptide at 400-1,000 mM into the ITC cell containing D77EED at 40-100 mM. Experiments were performed at 20 uC in 50 mM Tris-HCl, pH 8.7, 150 mM NaCl and 3 mM b-mercaptoethanol (BME). Methyl lysine analogue production. Pseudo-lysine (QK)-containing histones were generated by a modification of known literature methods 12 . In brief, proteins to be modified (5-10 mg) were weighed into 1.5-ml siliconized Eppendorf microcentrifuge tubes and 950 ml alkylation buffer (4 M guanadinium chloride, 1 M HEPES, 10 mM D/L-methionine at pH 7.8) the solution is passed through a 0.22-mm filter and purged with argon before use) was added. Proteins that do not readily dissolve were sonicated for 10-15 min in a Branson 1510 ultrasonic cleaning bath at ambient temperature to affect dissolution. The resultant clear colourless solutions were treated with 20 ml of a 1 M dithiothreitol (DTT) solution in alkylation buffer prepared just before use, and agitated at 37 uC for 1 h. At the end of this period the fully reduced proteins were treated as indicated below.
(1) Pseudo-lysine (QK-NH 2 ): 100 ml of a 1 M 2-chloroethylamine monohydrochloride solution in alkylation buffer (prepared just before use) was added to the reduced histone. The mixture was agitated in the dark at 45 uC for 2.5 h. At the end of this period the mixture was treated with a second portion of DTT (10 ml of the above 1 M solution) and heated with agitation at 45 uC for a further 2.5 h. The reaction was then quenched with BME (50 ml) and cooled to room temperature before purification as outlined below.
(2) Pseudo-monomethyl-lysine (QK-Me1): 100 ml of a 1 M N-methylaminoethyl chloride hydrochloride solution in alkylation buffer (prepared just before use) was added to the reduced histone. The mixture was agitated in the dark at 45 uC for 2.5 h. At the end of this period the mixture was treated with a second portion of DTT (10 ml of the above 1 M solution) and heated with agitation at 45 uC for a further 2.5 h. The reaction was then quenched with BME (50 ml) and cooled to room temperature before purification as outlined below.
(3) Pseudo-dimethyl-lysine (QK-Me2): 50 ml of a 1 M 2-(dimethylamine)ethyl chloride hydrochloride solution in alkylation buffer (prepared just before use) was added to the reduced histone. The mixture was agitated in the dark at 25 uC for 2 h. At the end of this period the mixture was treated with more DTT (10 ml of the above 1 M solution) and agitated at 25 uC for 30 min before addition of 50 ml of the 1 M 2-(dimethylamine)ethyl chloride hydrochloride solution. The reaction was allowed to proceed at ambient temperature for a further 2 h, quenched with BME (50 ml), and cooled to room temperature before purification as outlined below.
(4) Pseudo-trimethyl-lysine (QK-Me3): 100 ml of a 1 M (2-bromoethyl) trimethyl-ammonium bromide solution in alkylation buffer (prepared just before use) was added to the reduced histone. The mixture was agitated in the dark at 50 uC for 2.5 h. At the end of this period the mixture was treated with a second portion of DTT (10 ml of the above 1 M solution) and heated with agitation at 50 uC for an extra 2.5 h. The reaction was then quenched with BME (50 ml) and cooled to room temperature before purification as outlined below.
Purification scheme: A PD-10 column was pre-equilibrated with 0.1% BME in 18 V water. This was loaded with the reaction mixture, the reaction tube was rinsed with 1 ml alkylation buffer and this was also added to the top of the column. The proteins were then eluted according to the manufacturer's protocol for centrifugal isolation. The eluent was frozen and lyophilized before providing the modified histones as crispy foams. A portion of each (,0.1 mg) was analysed by reversephase-HPLC and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry to ensure product identity and homogeneity. Chromatin and interaction experiment. Histone H3 variants with the respective point mutations (Lys to Cys at the position to be modified, and Cys to Ala at position 110) were expressed in E. coli, purified from inclusion bodies, and solubilized in 7 M guanidine hydrochloride, 20 mM Tris, pH 8, 10 mM DTT. After dialysis to replace guanidine hydrochloride with 7 M urea, histones were further purified by sequential anion and cation chromatography. Histonecontaining fractions were pooled, dialysed against 5 mM BME, and lyophilized. Histones were reconstituted into octamer as previously described 37 and chromatin was formed by salt dialysis. To prevent unspecific binding to free histone in the pull-down experiment, chromatin was further purified on an agarose2 column. For interaction, 2 mg chromatin was incubated with 2 mg protein or complex of interest in buffer A (50 mM Tris, pH 8.0, 50 mM NaCl, 1 mM EDTA, 0.01% NP40) for 2 h at 4 uC in the presence of Ni-NTA beads (EED) or M2-beads (PRC2). Beads were extensively washed, eluted with 13 SDS-PAGE loading buffer and analysed by western blot. HKMT assay. HKMT assays were performed as previously described 38 . For autoradiography exposure, the conditions were as follows: 1.5 mg chromatin, 100 ng reconstituted PRC2 complex, 5-40 mM peptide and 0.3 mM 3 H-SAM. For scintillation counting, the assay was performed as follows: 1.5 mg chromatin, 50 ng reconstituted PRC2 complex, 100 mM peptide, 24.8 mM SAM ( 3 H-SAM/ SAM ratio 1/30) for 15 min, unless otherwise stated in the figure legend. SF9 culture, infection and complex purification. As previously described 38 . Antibodies. H3K27me1 (Millipore), H3K27me2 (Abcam, ab24684 and ab6002), H3K27me2 and H3K27me3 (gift from T. Jenuwein), total H3 (Abcam, ab1791), Flag (Sigma), Myc 9E10 (Chemicon). Previously described antibodies were used for EED 38 and E(Z) 31 . Fly strains and mutants. The Df(1)y 1 w 67c23 strain (yw) was used as wild-type control and for P-mediated germ-line transformation. For transgene insertion at specific genomic sites, we used fly strains in which the QC31 integrase gene is inserted on the X chromosome and attP landing sites are located in 68E or 86Fb, gifts from K. Basler 39 . Mutant strains for esc 6 and esc 6 escl d01514 were used as described previously 15 , and detailed crossing schemes to test transgene function are given in Supplementary Figs 9 and 10. ChIP with larval tissues was done using flies homozygous for esc.Myc-ESC in homozygous esc 6 escl d01514 background or flies homozygous for esc.Myc-ESC(Phe77Ala) in homozygous esc 6 escl d01514 (selected using a CyO, GFP balancer).
Transposon construction. ESC mutant transgenes were produced using the esc.Myc-ESC construct 15 as starting material. The esc.Myc-ESC(Phe77Ala) and esc.Myc-ESC(Tyr338Ala) constructs for conventional P-mediated germline transformation were assembled in the pCaS-escp construct 15 . To generate transgenic lines for esc.Myc-ESC or esc.Myc-ESC(Phe345Ala) at the same chromosomal locations, we used the QC31 recombinase-mediated cassette exchange technique (RMCE) 40 . For recombinase-mediated cassette exchange, pCaSpeRattB plasmid was first generated by excising with BamHI the UAS and hsp70 minimal promoter from pUASTattB (a gift from K. Basler) and
